Abstract: Raman-assisted wavelength conversion for ultra-high speed data is characterised in two approaches: a novel scheme based on cross-phase modulation using specially designed notch filters and a 160 Gb/s experiment based on self-phase modulation. This paper investigates challenges in high-speed operation of these wavelength conversion schemes. In the XPM approach of [1], the generated sideband of the CW is filtered out with a broad bandpass filter, which will limit the optical signal to noise ratio, as it is difficult to suppress the CW beam this way. Here we introduce a strong notch filter for the CW suppression, and we show that it is possible to convert pulses suitable for 160 Gb/s. Furthermore, error free wavelength conversion using the Raman-assisted SPM scheme is demonstrated with a 160 Gb/s data signal multiplexed from a 40 Gb/s base rate.
Introduction
Methods for wavelength conversion at high bit rates (160 Gb/s and above) will be essential tools in a possible future implementation of high-speed optical communication systems. A limited number of wavelength conversion schemes have been devised, including [1] [2] [3] [4] . Recently, Raman gain has been shown to aid the conversion process in schemes utilising non-linear processes in highly non-linear fibres, schemes such as Cross-Phase Modulation (XPM) of a continuous wave (CW) light beam [ II and Self-Phase Modulation (SPM) of the data itself [2] .
This paper investigates challenges in high-speed operation of these wavelength conversion schemes. In the XPM approach of [1] , the generated sideband of the CW is filtered out with a broad bandpass filter, which will limit the optical signal to noise ratio, as it is difficult to suppress the CW beam this way. Here we introduce a strong notch filter for the CW suppression, and we show that it is possible to convert pulses suitable for 160 Gb/s. Furthermore, error free wavelength conversion using the Raman-assisted SPM scheme is demonstrated with a 160 Gb/s data signal multiplexed from a 40 Gb/s base rate.
XPM for wavelength conversion
One way of achieving high speed wavelength conversion is using the XPM product between high power data pulses and a CW probe signal at separate wavelengths. The XPM process will broaden the spectrum of the CW where a data mark is co-propagating, whereas the CW will experience no XPM when no data mark is co-propagating. In this way a wavelength converted data signal can be extracted as the XPM broadening of the CW. This can be done in practice by suppressing the original data signal and the CW using spectral filtering.
The set-up for XPM-based wavelength conversion is shown on the figure below. combined before injecting them into 1.5 km of HNLF (y-10 W_ krlkm ), A<1552 nm, S -0.017 ps/nM2km). To amplify the non-linear process, the HNLF is Raman pumped (200 mW) in a counter-propagating configuration. The spectrum of the signals exiting the HNLF is filtered using a notch filter to suppress the CW wavelength and a bandpass filter to suppress the original 10 GHz pulse train as well as part of the XPM product. The use of a notch filter to suppress the CW is advantageous at high bit rates as it relaxes the requirements of the bandpass filter characteristics, since at high bit rates a broad spectral range of the XPM product must be extracted to avoid pulse broadening, and at the same time the CW should be strongly suppressed.
Pulse properties
The product of XPM between a data mark and the CW is seen in the spectral domain as sidebands forming on either side of the CW. It is these sidebands which can be extracted as the wavelength converted data by filtering. The relation between the scaling of the two XPM sidebands in the wavelength conversion output and the suppression of pedestal levels in the pulse autocorrelations is revealed in fig. 2 When both XPM sidebands are transmitted, i.e. at low sideband suppression ( fig. 2a upper) , the autocorrelation pulse shape is deteriorated by high pedestals (fig. 2b upper) . In the case shown a notch filter with -0.3 nm bandwidth and -25 dB suppression is used to suppress the CW. Adjusting the bandpass filter to increasingly suppress one sideband increases the pulse pedestal suppression. The case of strong sideband suppression and the following autocorrelation pulse pedestal suppression (APPS) is seen in the lower graphs of fig. 2a and 2b . Here a notch filter with 2 nm bandwidth and -47 dB suppression is used to suppress the CW and the central portion of the lower wavelength sideband. The observations are summarised in the plotted measurements of fig. 2c . At stronger sideband suppression no pulse pedestals are discemable on the linear autocorrelator that is used for these measurements, and so the tendency of increasing APPS continues beyond the measurements of fig. 2c .
The dependence of the pedestals on the sideband suppression is due to a phase shift between the two XPM induced sidebands. This results in interference between the two spectrally separated pulses when only the CW is suppressed. Suppressing one sideband minimises this pulse splitting effect and pulses suitable for high-speed operation are obtained, i.e. pedestal-free and 2.1 ps FWHM ( fig. 2b ) and low amplitude noise ( fig. 3b ). A strong dependence between the properties of the pulse source and the quality of the converted signal is observed. Using a TMLL with a high phase noise level (timing jitter -500 fs), fig. 3a , as 10 GHz pulse source for conversion, a converted signal with low amplitude noise is obtained, fig. 3b . Alternatively, using an ERGO-PGL with timing jitter -160 fs, fig. 3a , as pulse source, results in a significant amount of amplitude noise being added to the converted signal. A similar tendency is seen using this source for SPM, fig. 4c . The added noise is believed to stem from Stimulated Brillouin Scattering (SBS) induced by the very narrow line width of the ERGO-PGL, which has considerably less phase noise than the TMLL used for these experiments. SBS is inversely proportional to the line width and causes amplitude noise through transfer of optical power from the forward propagating signal to the backscattered SBS product. As the phase noise adds to the line width, the TMLL with more timing jitter actually helps to reduce the amplitude noise. So there is a compromise between phase and amplitude noise. The CW light has its line width increased using the built-in coherence control of the laser source.
SPM based wavelength conversion
An alternate scheme for wavelength conversion is spectral broadening by SPM. The setup for this scheme is simpler than the one used for XPM since no CW is inserted into the HNLF and no notch filter is used for filtering the output. The data signal is multiplexed from a 40 Gb/s base rate to 160 Gb/s and amplified to -30 dBm. SPM then causes strong spectral broadening of the data pulses and wavelength conversion can be performed by selecting a new spectral range using bandpass filtering at the output of the HNLF. Raman pumping of the HNLF has been seen to significantly improve the SPM wavelength conversion [2] .
'160Gb/stransmitter In fig. 4a is shown the set-up for 160 Gb/s SPM wavelength conversion using the low-jitter ERGO-PGL pulse source and an ElectroAbsorption Modulator (EAM) as demultiplexer. Fig. 4b shows the spectrum of the converted signal. The eye diagram shown in fig. 4c for the converted signal has clear and open eyes but also some amplitude noise. The system provides error free operation with a bit error rate of 5.5*10-12 with a Raman pump power of -700 mW -without Raman error free operation was not possible with this set-up, which is in agreement with the observations in [2] . In this setup the wavelength of both the original and the converted data is placed in the negative dispersion region to minimise noise from higher order soliton effects. A significant amount of amplitude noise is observed on the demultiplexed signal due to SBS.
Conclusion
This paper has investigated aspects of the XPM and SPM schemes for high-speed wavelength conversion. Using notch filters for CW suppression in the XPM conversion approach is shown to allow conversion of narrow pulses suitable for 160 Gb/s operation. The relation between sideband suppression and autocorrelation pulse pedestals is characterised. Error free wavelength conversion of a 160 Gb/s data signal using the SPM scheme with Ramanassistance is demonstrated.
It is believed that the observations and relationships reported in this paper can aid in optimising the performance of wavelength converters based on the XPM-and SPM-schemes.
